
DISCUSSION ON H E T E R O G E N E O U S  REACTIONS”.  

Dr. Eric Rideal : I want to make a few remarks regarding certain postu- 
lates that we have to assume in regard to contact action on surfaces, and 
the first is the postulate, which is now generally recognised, that surface 
action only occurs in the film that is adsorbed. In  the case of gases one 
can calculate the rate at which the gas hits the surface with the aid of the 
Herz equation and we find that in a great number of cases, the rate at which 
it hits the surface is very much greater than the rate of catalytic action at  
that surface, so we are not troubled in gaseous reactions with the phe- 
nomenon of diffusion, which, of course, was the one that Bodenstein and 
his co-workers have laid great stress on, but in the case of semi-liquid re- 
actions, especially oils, the rate at which the reactants can diffuse to the 
surface is sometimes extremely slow, and frequently agood deal slower than 
the rate at which the chemical action takes place. Therefore, in that case 
we have to measure the actual rate of diffusion. In  the case of a solution 
of zinc with acids and cases of that type, we are on the border-line of the 
two cases. Sometimes we measure the actual rate of the penetration of the 
hydrogen ion into the surface and sometimes the rate of diffusion of the 
saturated layer of salt from the metal surface. In this connection it is inter- 
esting to note a parallelism between the diffusion coefficient and the activity 
as defined by G. N. Lewis. Then we are also faced with the phenomenon 
of auto-retardation, viz. the products of the reaction cannot always get 
away, and that left Bancroft to put forward his postulate that those sub- 
stances were only catalytic that adsorbed the products of the reaction, and 
he cited certain cases including uranium in the catalysis of nitrogen and 
hydrogen to form ammonia. The catalyst in this case effectively adsorbed 
the product, viz. ammonia, although it might not adsorb the nitrogen and 
the hydrogen. In  the light of Langmuir’s work, Bancroft’s hypothesis is a 
useful one for finding new catalysts although it is by no means general. 
In  synthetic reactions the products always have a higher molecular weight 
than the reactants and hence diffuse more slowly. Then we have the 
selective adsorption phenomenon, such as the case of tungsten and oxygen, 
as mentioned by Dr. Langmuir, one example of a general phenomenon. 
IVe may cite also the adsorption of oxygen by charcoal, a complicated 
reaction similar to the phenomenon of peptisation. In the case of tungsten, 
the oxygen is held so strongly to the tungsten that the force necessary to 
pull it off results in the top tungsten atom also being pulled off with it. 
The latent heat of evaporation of tungsten is smaller than the heat of dis- 
sociation of the tungsten and the oxygen. I t  is evident from Dr. Lang- 
muir’s data that oxygen can be adsorbed on tungsten in two different 
ways, one in which it is highly reactive to the tungsten and the other in 
which it will react with a gaseous constituent. Exactly the same thing takes 
place between carbon and oxygen. I n  the more general case of poisons, 
such as sulphur which is attached to platinum by means of four valencies, 
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656 I)ISCUSSION 

raising the temperature will remove the sulphur. If you put iodine on the 
platinum you have to go to a still higher temperature before you can remove 
the iodine. We have in these cases a very much looser type of chemical 
combination than the ordinary reactions such as the formation of CO or 
WO,, but the combination is brought about by the same mechanism, and 
that is one of the great contributions which Dr. Langmuir has made, viz. 
the identity of the two types of chemical reaction. 

Sometimes, in order to get a suitable ratio of constituents on the surface 
we have to utilise a temperature at  which the reaction velocity is very slour, 
and an important case of that nature is the hydrolysis of carbon disulphide. 
Many people have attempted to do this. I t  will do it on a surface of 
hydrated alumina, but in order to have the adsorbed ratios of carbon disul- 
phide and water in proper proportions to effect hydrolysis, one has to work 
at a relatively low temperature, and at that temperature the hydrolysis pro- 
ceeds very slowly. 

A second point of interest is that these molecules are orientated, and Dr. 
Langmuir in another field has laid stress on this point in the phenomenon of 
surface tension. The molecules on a catalytic surface are apparently capable 
of orientation in one or two different positions. Work has been done in 
Holland on the hydrolysis of ethyl acetate by means of caustic soda, and it 
has been shown that caustic soda in water is selectively adsorbed by charcoal 
and that a selective adsorption of the ethyl acetate occurs as well. We 
would expect that charcoal would act as a positive catalyst, but that is by no 
means the case. Charcoal has no positive catalytic action at all on the 
hydrolysis of ethyl acetate by caustic soda, but rather a negative influence 
so we can say that not only must all molecules be adsorbed in an orientated 
position but that in the case of certain molecules they are capable of differ- 
ent types of orientation in which the active surfaces are brought together, or 
may be sticking one on top of the other. I f  we assume a polar and a non- 
polar end to the molecules we must assume that the reactive groupings are 
brought in contact with one another side by side, and the non-reactive 
groupings facing each other. That can be extended to Dr. Langmuir’s ob- 
servations on oxygen in the presence of tungsten and platinum wires and 
also to the case of the hydrogenation of benzene. I t  is well known that 
if you hydrogenate benzene on the surface of platinum or palladium, you 
only get hexo-hydrobenzene and none of the di- or tetra-hydro product at all. 
There is certain evidence that the benzene molecule lies flat on the surface 
of liquids, and in this case also apparently the Senezene molecule lies flat on 
the surface and blocks up or covers six nickel atoms ; they cannot get off again 
until we get hydrogen added to it. This points very clearly to the fact that 
on the top of the film which is in contact with the surface we have orientated 
molecules and that these molecules are capable of orientation in different 
directions. I n  the surface itself there must be some deeper mechanism. 
I n  many cases there is a parallelism between adsorptive power and catalytic 
power ; between the over potential of metals and their power of hydrogena- 
tion ; between heats of evaporation and also their rates of hydrogenation, 
and so we must refer to a metal or a catalytic surface as having a particular 
orientation and that generally only a very small portion of the surface is 
active. Calculating out by means of the Herz forrriula again the quantity 
of surface we actually require in order to effect the transformation of ethyl 
alcohol into aldehyde and hydrogen, we find one millionth of the surface 
actually used would be required. Microscopic examination gives very little 
help as to what is the change taking place in the surface. There are one 
or two interesting things in connection with the change in the surface. 
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]%en we combust ammonia on the surface of platinum, the small platinum 
particles become covered with platinum Slack. There is active reaction 
going on on the surface and thermionic emission is stimulated. I t  would 
be very interesting to see how far thermionic emission runs parallel with the 
actionafter oxygen has been removed in the case of hot filaments. Then, 
in the case of nickel as catalyst in the hydrogenation of ethylene it has been 
stated that a high potential between two nickel gauzes increases the rate of 
catalytic action. 

There is just one other point, uiz. the possibility of a series of molecules 
being built up in layers. Dr. Langmuir said that in practically all cases 
there is only one layer. That may be the case in most general reactions but 
where one has got an easy liquefiable gas and a surface which will adsorb 
rhat gas very easily, it is easy to imagine, say in the case of ethylene and 
carbon, that when the first group have been adsorbed, they may be still 
what may generally be called a residual affinity and you would get a layer 
of molecules built up on the first layer adhering to the charcoal. If so, then 
the heat of adsorption of these various constituents is really the mean value 
of the heat adsorption of these various layers. ‘The heat of adsorption of 
the first ethylene on the charcoal is probably very much higher ; the second 
is less; the third still less. Therefore, if one has a great number of layers 
built up the heat of adsorption actually determined is the average of all 
these values, and in the case of an easily liquefiable gas it is only slightly 
greater than the heat of liquefaction. That has been shown for poison gases 
on charcoal. I do not think the whole explanation is the filling up of the 
capillaries, which is the usual hypothesis. I think it is possible to get layers 
banking up on the surface. 

There is an  interesting problem which Dr. Langmuir mentioned of one 
gaseous molecule on platinum and how long does it vibrate before it comes 
off again. There is one reaction in which it appears possible to get the 
length of lives of molecules on the surface, viz. the combination of ethylene 
and hydrogen on the surface of nickel. If you take two volumes of ethylene 
and hydrogen and expose them to nickel, there is a long period of induct- 
ance and then reaction takes place. That is repeated and this same 
period of inductance is always found in mixtures of ethylene and hydrogen. 
If, however, one takes a vacuum and lets in hydrogen first and then the 
ethylene, the period of induction is very small; indeed it can hardly be 
measured. If you put in ethylene first there is a long period of induction, 
so what apparently happens is that the ethylene immediately coats the  
surface of the nickel and one has to wait until part of the ethylene evapor- 
ates and the hydrogen gets in, and I am hoping to get the average time 
which the ethylene actually sits on the surface of the nickel. I t  canr,ot be 
calculated out by the ordinary equation, because this assumes equilibrium 
where the ethylene is evaporating at a known temperature and condensing 
again, and we cannot find the rate of evaporation. If it evaporates from 
another surface, i.e. not an ethylene surface, then it will either evaporate 
more quickly or more slowly than it will on the ethylene surface itself. If  
the heat of adsorption is less, it will evaporate more quickly ; if it is greater 
it will evaporate more slon-ly. However, this rate of evaporation from the 
film can also be regarded as a monomolecular chemical reaction, and w e  
can develop the expression for the rate of such reactions just as in phosphine 
decomposition, and the rate of evaporation of the gas can be found pro- 
vided you know the heat of adsorption. The  difficulties here are very great 
for measuring the heat of adsorption for one layer for an easily liquefiable 
gas. I think that we must regard it not only from the point of view of the 
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658 DISCUSSION 

mechanism of contact, which Dr. Langmuir has put forward, but we must 
also take into consideration the fact that the surface of a catalyst is by no 
means totally active and that the catalytic power can be enormously in- 
creased by the aid of promoters. Promoters can function sometimes by 
giving an extended surface although the apparent surface is the same. 
There is some evidence of this, as, for instance, the addition of a small 
quantity of potash in an iron mixture for combination of nitrogen and 
hydrogen. ’There are two or three purely chemical investigations of that 
type which are necessary to get a deeper insight into the reasons why these 
things do combine on surfaces. We have found cases in which adsorption 
definitely does take place but combination is not accelerated. Therefore, 
there must be orientation for which we have a certain amount of evidence 
in surface tension phenomena. 

The Chairman : Before asking for discussion, I would like to tell you 
that Professor Bone, who, unfortunately, has been ill, has sent a paper 
which he would like communicated, and I understand that a member of his 
staff, Mr. Finch, is present and will read it. We shall be glad to hear 
what he has to say on the subject. 

Professor William A Bone, F.R.S. (communicated by MY. 3inch) : 
I much regret that, owing to my recent severe operation, I am not yet al- 
lowed to attend long meetings or to participate in public discussions; 
otherwise, I should have certainly been present at your meeting to-night to 
give some account of my views upon the important subject of catalysis. 
But, seeing I am precluded from doing so in person, perhaps I may be 
allowed instead to send the following written communication to the meeting. 

I t  is now upwards of twenty years ago that I first turned my attention 
to the experimental study of the influence of hot surfaces in accelerating 
gaseous combustion, and ever since that time my researches into both the 
theoretical and practical aspects of it have proceeded continuously almost 
without a break. My first experiments were made upon the oxidation of 
methane and other hydrocarbons in contact with surfaces of porous porce- 
lain at temperatures of about 400’ C., during which many proofs were 
obtained of the correctness of what is now known as the hydroxylation 
theory of hydrocarbon combustion. As, however, it became abundantly 
clear during those experiments, that the hot porcelain surface was con- 
siderably accelerating the interaction of the hydrocarbon and oxygen in the 
apparatus, I decided to take up the systematic study af ‘‘ catalytic ” or (as 
I prefer to call it) “surface combustion,’’ with a view to finding out (if 
possible) precisely how hot surfaces act in such cases. Aided by a succession 
of skilful collaborators, I have been able during the course of twenty years’ 
work, in the first place to amass a considerable body of experimental facts, 
all clearly proved and capable of demonstration, whereby our theories may 
be tested, and, in the second, to put forward from time to time views of my 
own as to the primary causes of catalytic combustion. Also, as is well 
known, I discovered the phenomenon which I termed “flameless incan- 
descent surface combustion ” and, in conjunction with the late C. D. McCourt, 
I subsequently worked out in detail some of its manifold practical applications, 
in the directions of steam raising, furnace-firing, diaphragm-heating, etc., the 
wonderful possibilities of which have not yet been fully realised. 

The interest aroused by the said industrial applications of my later work 
on “ incandescent surface combustion,’’ from about I 9 I 0 onwards, seems to 
have diverted attention from certain fundamental aspects of catalytic com- 
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bustion which had been previously dealt with in a paper entitled “The  
Combination of Hydrogen and Oxygen in Contact with Hot Surfaces ” which 
I published in conjunction with Dr. R. V. Wheeler in the PhiZosophicaZ 
Transactions of the Royal Society in 1906, and to which I would now like 
to refer, because in several important particulars they undoubtedly fore- 
shadowed and prepared the way for later theoretical developments of the 
subject now under discussion, notably those of Dr. Irving Langmuir. 

Our chief reason for selecting the combination of hydrogen and oxygen 
as the most suitable case for a detailed experimental study was that it is not 
only the simplest example of catalytic combustion, but also the one which 
had been first investigated by such distinguished pioneers as Sir Humphrey 
Davy, Dulong and Thenard, Dobereiner, William Henry, Thomas Graham, 
Faraday and De la Rive, during the period 1816 to 1834. I t  may be 
recalled that, in these early days, there had been much controversy as to 
whether catalytic combustion consists of a series of rapidly alternating oxida- 
tions and reductions of the surface, as De la Rive asserted, or is due rather 
to  a (‘ condensation ” of the gases on the surface, producing a condition in 
the surface layer comparable to that of high pressure, as indeed Faraday 
always maintained. Scientific opinion was pretty evenly divided between 
these two views for three-quarters of a century, until, in 1904, W. Nernst 
advanced another general theory of reactions in heterogeneous systems, 
which assuming that the rate at which equilibrium is established at the limit- 
ing surface between the solid and gaseous phases is infinitely great compared 
with the rates of diffusion of the reacting gases on to, or of the reaction 
product away from, the surface, postulated that the observed reaction 
velocity in any particular case will depend on diffusion factors only. 

The aforesaid researches of Dr. Wheeler and myself upon the catalytic 
combustion of hydrogen, in the course of which the actions of a great 
variety of surfaces ( e .g  porous porcelain, magnesia, platinum, gold, silver, 
nickel, copper, and certain easily reducible metallic oxides) were examined 
in detail, disproved both the De la Rive ‘( alternate oxidation and reduction ” 
idea, as well as Nernst’s newer “ diffusion theory,” and led us to the conclusion 
that the essential function of the surface is always to “ activate ” the reacting 
gases (or at least one or other of them, if not both), and that such “activa- 
tion ” is brought about by the (‘ occlusion ” of the gases by the surface-(eg. 
by the dissociation or ionisation of the hydrogen molecule at the moment of 
its “ occlusion ”). We also showed experimentally not only how the activity 
of a surface at any given temperature may be “stimulated” by previous 
exposure to hydrogen, but how, in certain cases ( e g .  when copper oxide is 
used) the surface may be ‘(blanketed ” by a film of “ condensed ” and 
“ activated ” oxygen. These, and a number of other characteristic features 
of the catalytic process were disclosed in our paper; and upon it we found 
our claim for recognition as the originators of the basic idea that the function 
of the surface is to “activate ” by dissociation (or ionisation) the gases at 
the moment of their occlusion by it. 

Somewhat later, in conjunction with Mr. H. Hartley, I discovered that 
the adsorption of the gases (and their catalytic combustion) in contact with a 
metallic surface such as gold or silver is accompanied by certain electrical 
effects, a circumstance of the first importance from the theoretical standpoint.’ 
The bearings of these new facts were set forth in the report on “Gaseous 
Combustion” which I presented to the British Association Meeting at 
Sheffield in 1910, and which was discussed at a joint meeting of Sections A 

Vide H. Hartley, Proc. Roy. SOC., A. 90 (1g14), p. 61. 
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and B. Sir J. J. Thomson, speaking in that discussion about my researches, 
suggested that “the action of surfaces might ultimately be found to depend 
on the fact that they formed a support for layers of electrified gas in which 
chemical changes proceeded with high velocity ”. 

Meanwhile, I had taken up an extended experimental study of the 
catalytic oxidation of carbon monoxide, the results of which have yet to be 
published in detail. I subsequently reviewed the results of my research as a 
whole in lectures which I delivered before the Royal Institution (in 1910 
and 1g14), the Royal Society of Arts (in 1g14), the American Gas 
Institute at St. Louis ( I ~ I I ) ,  the Franklin Institute of Philadelphia (id 
I ~ I I ) ,  and the German Chemical Society (1912)~ summarising my views 
therein as follows : ( I )  that the power of accelerating gaseous combustion is 
possessed by add surfaces at temperatures below the ignition point in varying 
degrees, dependent upon their chemical characters and physical texture ; 
(2) that such an accelerated surface combustion is dependent upon an 
absorption of the combustible gas, and probably also of the oxygen, by the 
surface, whereby it becomes ‘‘ activated ” (probably ionised) by association 
with the surface; (3) that the surface itself becomes electrically charged 
during the process; (4) that the same power must also be manifested in 
even a greater degree at higher temperatures, and especially so when the 
surface itself becomes incandescent ; (5) that as the temperature rises, the 
differences between the catalysing power of various surfaces, which at low 
temperatures are often considerable, diminish until at bright incandescence 
they practically disappear.1 

In the year 1916, or ten years after the publication of the Bone and 
Wheeler researches, Dr. Irving Langmuir (who is opening this discussion) 
published, in his well-known memoir upon the ‘‘ Constitution and Funda- 
mental Properties of Solids and Liquids,” a theory of heterogeneous 
catalytic reactions which included and elaborated the basic idea pre- 
viously put forward by myself and co-workers, without, however, mentioning 
our work. Langmuir advisedly set out to apply to heterogeneous reactions 
and to the phenomena of adsorption and surface tension the new con- 
ceptions of crystal structure arising out of the work of W. H. and VC’, 
L. Bragg. He rightly identified (as we had previously done) the well- 
known powers of hot surfaces to accelerate gaseous interactions with their 
powers of adsorbing gases (he used the term “adsorption ” where we had 
previously used ‘‘ occlusion ” or ‘‘ absorption,” but otherwise the two ideas 
were the same). He further postulated that such “adsorption” is de- 
termined by chemical affinity, and that the adsorbed layer of gas does 
not exceed one atom in thickness. In  these basic particulars, his views 
did not materially differ from, or go further than, those which I had 
previously put forward. He proceeded, however, to elaborate them 
mathematically and speculating in a most suggestive and valuable way, 
beyond the point which I had carried them or would have been prepared 
to go. I am now testing experimentally some of his extensicns of these 
ideas in the light of my later work on the catalytic combustion of carbonic 
oxide, which I hope shortly to publish. 

In conclusion, I wish to say that long experience has taught me how 
easy it is to speculate at any length on the subject of catalysis and how 
difficult it is to reconcile our theories with facts. I have learned from 
my experiments how surfaces may be manipulated and controlled in many 

Vide Proc. Roy. Inst.,  Vol. XXI., Part I., p. 43. 
a Journ. Amer. Chem. SOC., 38 (1916), pp. 2221-229s. 
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curious ways which it is difficult to explain adequately by any theories 
yet published, and therefore I still regard the experimental investigation 
of the subject as of far greater importance than the mere theorising 
upon it. 

Mr. G. Ingle=Finch at the conclusion of reading Professor Bone’s 
communication said : I should like to say that ten years’ association with 
Professor Bone has taught me a good deal; primarily, that it is very easy 
to speculate at  any length on the subject of catalysis and how difficult it is 
to reconcile the theories with all the facts. In  one or two cases I have 
formed theories based on certain experimental facts but I have had com- 
pletely to negative them on obtaining further experimental evidence. I 
think I can safely say that Professor Bone has shown me time and again 
that in the field of catalysis we require far more facts before we can permit 
ourselves the luxury of drawing up elaborate theories. 

Professor E. C. C. Ba1y.-I should like to ask Dr. Langmuir one 
question in view of what he said this afternoon in criticising the radiation 
theory of chemical reaction. H e  said that in any actual chemical change 
of state a quantum must be absorbed or radiated. How does he explain 
the change of state from a molecule of oxygen to atomic oxygen when 
it is in combination, or whatever its condition is, on the platinum surface? 
Surely some kind of energy has gone in. Where has this energy come 
from? Why I say this is that apart from the question of interest there 
is one observation which I did not mention this afternoon and which 
bas rather an important bearing in this connection. I referred to the 
existence of molecular phases and I mentioned that a change of phase 
frequently takes place when a substance is dissolved in certain solvents. 
This is caused apparently by a definite complex being formed sf the 
solute molecule with one or more molecules of the solvent. The energy 
necessary for the change of phase of the solute molecule is derived from 
the solvent or catalyst molecule, the solute molecule passing into a less 
condensed phase by withdrawing one quantum from the solvent molecule. 
We ought to be able to prove this, because if the absorption of the solute 
molecule shifts towards the red because it passes into a less condensed 
phase, then the solvent molecule in losing its quantum must shift its 
characteristic absorption towards the ultra-violet. From some observations 
we have made it would seem that this actually appears to take place. If 
that is so, is it not possible in these cases of catalysis on the surface 
that the oxygen or carbon monoxide attaches itself to the surface and 
forms a condition of combination and that this is not chemical combination 
in the strict sense but that an addition complex is formed, the energy 
necessary for the phase change or activation having been derived from 
the platinum ? 

Arising from this there is one further question and that is, has Dr. 
Langmuir any evidence of a catalytic combination on a surface between 
one gas which gives definite evidence of forming a molecular or atomic 
layer and another gas which gives no evidence of forming an atomic 
layer; that is to say is there any evidence of chemical combination by 
collisions on top of the adsorbed atoms only and not by combination with 
adjacent platinum atoms ? 

Professor W. C. McC. Lewis (communicated) : From the stand- 
point of energy of activation (or critical increment) of molecules and the 
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radiation hypothesis of activation, the mechanism of heterogeneous catalysis 
would appear to be as indicated below. For the sake of clearness it is neces- 
sary to consider two types of reaction. 

The first type is unimolecular and may be represented by a dissociation 
process such as : AB + A + B. 

In the gaseous state this dissociation, in the absence of the catalyst, 
occurs through the absorption of radiation of frequency V, one quantum of 
which may be regarded as a large quantity. In  the presence of the catalyst 
we have to consider the dissociation process as involving a number of 
stages. 

In  the first place a molecule of AB approaches the surface, that is, a 
simple physical adsorption takes place. This is made possible by the more 
or less slight residual affinity possessed by the AB molecule in its normal 
state, as well as by the residual affinity of the atoms (in their normal state) 
which compose the surface of the solid. No sensible amount of energy is 
required for this process, since special activation is unnecessary, the degree 
of activation of the normal molecule being adequate. The process is there- 
fore accompanied by a small evolution of heat which may be denoted by 
LAB. 

The next step is the act of separation of the constituents of the adsorbed 
AB molecule. This would appear to be accomplished by absorption of 
radiation of frequency V’ where v’ is less than v. The quantum hv’ repre- 
sents the amount of energy required to activatepartiad@ a molecule of AB, 
that is, absorption of such radiation brings about a partial separation of the 
A and B atoms or groups. This process has to be repeated a number of 
times, say y times, until A and B portions become separated from one 
another by a distance such that their mutual attraction has become insen- 
sible. 

I t  will be observed that on the above mechanism we have substituted 
a series of relatively small energy termsyhv’ in place of a single large one 
?ZV. We have not yet, however, indicated what may be considered as the 
essential function of the catalyst surface. In  the homogeneous gaseous 
state absorption of radiation of frequency V’ must necessarily take place and 
a small number of quanta (hv’) may even be accumulated, and yet this may 
not lead to measurable chemical change owing to premature emission of 
energy before the total amount necessary for the change has been absorbed. 
I t  seems probable that the spacing of the atoms on the surface of the solid, 
indicated by X-ray investigations as was first pointed out by Dr. Langmuir, 
is a fundamental factor, in that such spacing renders possible the j5xation 
of the A and B atoms or groups when these have been partially separated, 
thereby preventing their mutual return to re-form the normal AB molecule. 
Owing to this, the act of dissociation can be more readily completed at the 
surface than it can be in the homogeneous gas phase by absorption of 
radiation of frequency v’. The fixation of the A and B atoms or groups at 
the various stages of activation of the adsorbed AB molecule (consequent 
upon successive absorption of quanta of the type h’) appears to be the 
essential function of the catalyst surface. In  this connection it is pertinent 
to point out that the metals which possess the most marked catalytic pro- 
perties are those which lie round about the minima in the well-known 
atomic volumelatomic weight periodic curve. A small atomic volume 
means that the atoms in the surface are relatively closely packed, a condi- 
tion which would be favourable to the fixation of the parts of a partially 
activated or dislocated molecule. In  addition to close packing the atoms 
must also be capable of holding the A and B individuals firmly. Hence 
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residual affinity plays a part as well in the definition of a good catalyst. 
The function of promoters on the above basis is either the conversion of 
a less suitable atomic spacing into one more suitable for the spatial separa- 
tion involved in the partial activation of the adsorbed molecule, or consists 
in giving to the surface structure the necessary residual affinity. 

Thirdly, we have now the separated A and B components attached to 
the surface. Each of these requires to be evaporated or desorbed, involving 
an absorption of energy represented by LA and Lg. The reaction is now 
complete. Applying the principle of conservation of energy it follows that 

?ZV = - LAB + LA + LB +Y?zv’. 
The advantage of the catalytic process lies essentially in the possibility 

of treating a reaction of the type considered as a unimolecular process 
occurring thermally as a result of absorption of radiation of frequency V’ in- 
stead of frequency V, without at the same time having to allow for the 
probability of emission of energy such as has to be allowed for if the process 
were imagined to take place in the homogeneous gaseous state through 
absorption of radiation of frequency v’. 

Still keeping to a reaction of type (I)  it is possible to arrive at a iiiore 
definite expression for the observed velocity if the substance AB happens 
to be one which is largely and rapidly adsorbed. In such a case the rate 
of adsorption is great compared with the rate of chemical change in the ad- 
sorbed layer. If desorption of the resultants is likewise rapid, the total 
observed rate of chemical change in the system (gas + catalyist) will be 
governed entirely by the rate of chemical change in the adsorbed layer. 

As regards the rate of this chemical change, in spite of the fact that the 
gas is in the adsorbed condition there seems to be no reason to expect that 
the probability of absorption of a quantum hv’ is any different from its pro- 
bability in the homogeneous gaseous state. The probability is the uni- 
molecular velocity constant A, as calculated for absorption of one quantum 
of the frequency v’. k,  gives the fraction of one grammolecule of adsorbed 
gas which is partially activated per second. If there are nz grams of AB 
adsorbed per cm.z it follows that the number of adsorbed grammolecules is 
am/M,  where M is the molecular weight and a the total surface covered by 
,413, and consequently the number of grammolecules partially activated per 
second is K,am/M. If this process has to be repeatedy times in order to 
effect complete separation of A and B, the rate of decomposition of adsorbed 
gas in grammolecules per second is k,nm/M/v. If the frequency V’ is known, 
KO can be calculated by the equation of Dushman or by that of Lewis and 
McKeown. (The value of V’ would be obtainable in general from the tem- 
perature coefficient of the observed reaction provided the necessary adsorption 
determinations had been carried out at the two temperatures in order to 
correct, if necessary, for alteration in degree of adsorption with temperature.) 
-1.1 important conclusion may be drawn from the expression just obtained 

for the rate of the catalysed process, namely, K,am/M~i. If the adsorption 
is, as assumed above, very marked, the quantity nz may be regarded as 
sensibly constant over a wide range of concentration of the homogeneous 
gas phase. Hence the velocity expression referred to would be a constant, 
and the observed total rate would be an apparently zero-molecular reaction. 
-4s the bulk concentration of AB fell however, m would diminish and the 
observed rate would diminish at a later stage, without, however, giving a 
curve characteristic of an unimolecular reaction. 

We have now to consider briefly a reaction of a second type, namely a 
bimolecular process involving two reactants catalysed simultaneously. In 
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general there is adsorption of both reactants, though to different extents. 
In  the particular case in which both are rapidly and largely adsorbed the 
slowest process is the bimolecular chemical change in the adsorbed layer. 
This cannot be calculated by means of the usual collision equation since the 
adsorbed molecules do not possess energy of translation, though they must 
possess energy of vibration with respect to their points of attachment. Under 
these conditions it is only possible to say that the total observed rate is 
proportional to m1m2a/M,M;y. Again if m, and m2 are approximately 
constant a zero-molecular reaction velocity will apparently be obtained over 
a certain range, the velocity diminishing after a certain stage. This be- 
haviour has been abserved in several cases by Armstrong and Hilditch. In 
certain cases also it is conceivable that whilst one of thesreactants is rapidly 
and largely adsorbed the second may be scarcely adsorbed at all. An ex- 
treme case of this appears to occur in the hydrogenation of olein by finely 
divided nickel since the observed rate can be estimated, at least as regards 
order of magnitude, by employing a simple " collision " equation,l the 
nickel particles being regarded as charged with activated atomic hydrogen 
and the olein molecules merely colliding with these particles and becoming 
hydrogenated without exhibiting adsorption as such. 

Professor Edwin Edser : I should like to say a word or two on a 
phenomenon adduced by Dr. Langmuir in support of his theory ; that is, 
the spreading of certain oils over the surface of water. Certain oils, such as 
triglycerides and oleic acid, produce a film on water which spreads with con- 
siderable velocity-a velocity of the same order of magnitude as that with 
which the rupture of a soap bubble enlarges. A similar spreading occurs 
when the interface between paraffin oil and water is contaminated with the 
oils mentioned. If  pure aluminium in a finely powdered condition is 
scattered over the surface of the paraffin, it sinks immediately until it reaches 
the paraffin-water interface, where it remains, and on touching the interface 
with a capillary tube containing oleic acid, the rapid motion of the aluminium 
from the point touched proves that a film of oleic acid spreads with great 
velocity over the interface. The rupture of a soap film spreads at a rate of 
from 2 0  to 5 0  miles per hour, and the fact that an oil film spreads with a 
comparable speed, whether the spreading takes place on the free surface of 
water or at the interface between water and paraffin oil, must excite surprise. 
This surprise is not diminished when it is remarked that no disturbance is 
produced in the interior of the water or the paraffin. If a thin, solid lamina 
placed in the interface were caused to move tangentially with anything like 
the same velocity, the viscosities of the oil and water would entail a disturb- 
ance that would spread inwards into both of the liquids. 

communicated to the British Association 
a short paper on the spreading of oil on water. After drawing attention to 
the peculiarities of this phenomenon he discussed them from a mechanical 
standpoint, and reached the conclusion that the attraction of a molecule 
extends beyond contiguous molecules into the more distant parts of the 
liquid. The reasoning used by Osborne Reynolds is of a very general 
character, and this may explain why so little attention has been given to it 
by other investigators. The conclusion reached by him may, however, be 
deduced very simply, if the problem is attacked in another manner. Let it 
be conceded that a purely mechanical explanation of surface tension and the 

In 188 I Osborne Reynolds 

Cf. Lewis, Trans. Chein. SOC., 1920, 117, p. 634. 
2 Osborne Reynolds, Scientific Papers, 1. 410 (1900). 
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spreading of oil on water is required; that is, that these phenomena are to 
be explained in terms of the mutual attraction of molecules that are not 
widely separated from each other. When a small drop of oil is placed on 
the surface of water, the forces that must be responsible for its spreading 
are the mutual attractions exerted between molecules of oil and molecules 
of water. Now, if a molecule of water, on one side of the oil-water inter- 
face, attracts only the layer of molecules of oil immediately on the other 
side of the interface, this attraction can produce no motion of the molecules 
of oil in a direction parallel to the interface. But, if the molecules of water 
exert an attraction which extends some distance inwards into the oil, all oil 
molecules within this distance will be pulled towards the water, and if the 
attraction is great enough, the oil in the layer will be squeezed out laterally 
until the oil forms a layer only one molecule thick. When the oil becames 
reduced to a single layer of molecules, the squeezing action ceases. If an 
analogy is required, we m y  imagine closely packed shot to fill the space 
between two sheets of glass ; if the sheets of glass are pressed together, shot 
will be squeezed out until there is only one layer of shot remaining, at which 
point the squeezing action ceases. Lord Rayleigh found that olive oil 
spreads out over the surface of water until it forms a film one molecule thick 
approximately. The forces which produce the phenomena of viscosity in 
liquids would not be called into play when the oil is squeezed out in the 
manner described. 

For some years past I have been working out a theory of surface tension, 
and the results I have obtained will be published in the Fourth Report on 
Colloid Chemistry to be issued shortly by the British Association. In  this 
theory it is assumed merely that a molecule attracts any other molecule of 
the liquid with a force that varies inversely as the nth power of the distance 
separating their centres, and that the centres of two molecules cannot ap- 
proach closer than a certain definite distance, which may be called the di- 
ameter of the given molecules. 

IVorking out the theory on these assumptions, I have been able to 
calculate from physical data such as latent heats, coefficients of expansion, 
density and compressibility of liquids, the surface tension of nearly every 
liquid, from liquid hydrogen to substances as complicated as liquid naphtha- 
lene. The only simple liquid which gives discordant results is, curiously 
enough, mercury. In  the case of other liquids discrepancies occur, but there 
are three methods of calculation, and in the great majority of cases accurate 
and concordant results are obtained, in calculating the surface tension by at 
least two of these m2thods. The data used are all dependent entirely on the 
bulk properties of liquids, and the fact that these properties determine the 
value of the surface tension renders it extremely improbable that surface 
tension phenomena should be due mainly to some particular property of the 
surface layer. 

Further, in conclusion, I should like to ask Dr. Langmuir a question : 
if the molecules of an oil such as a saturated hydrocarbon, stand on end on 
the surface, does he consider these molecules to be stationary, or does he ad- 
mit the kinetic theory that they are continually jumping out of the surface 
and others returning to it ? I cannot very well reconcile the idea that these 
molecules are standing up like ears of corn with such motion. I t  appears to 
me that, if benzene molecules, which are supposed to lie down flat, were 
continually jumping out of the surface and being replaced by others return- 
ing to it, we should have a great amount of confusion and few could be lying 
flat at any instant. 

Although my theory disagrees in detail with that of Dr. Langmuir, I am 
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in approximate agreement with him on one point. The attraction of mole- 
cules is still sensible at quite a long distance, as much as IOO molecular 
diameters ; nevertheless most of the energy associated with surface tension 
is confined to a surface layer one molecule thick. In  fact, about 95 per 
cent. of the total surface energy is confined to this layer. The point of im- 
portance, however, is this: the force falls off very rapidly; in fact, inversely 
as the eighth power of the distance, but it starts at such an enormous value 
that, at a distance of IOO molecular diameters from the surface of a liquid, 
the force pulling a molecule towards the interior of the liquid is still as great 
as the force exerted by gravity on that molecule, and it seems to me that 
forces of this magnitude should be taken into account, and can conceivably 
produce very important results which would be unexplainable if our attention 
were confined merely to the layer one molecule thick. 

(Communicated.) 

A more detailed consideration of the spreading of oil over water will 
make my meaning clearer. The forces that may be invoked to explain the 
spreading are (I) the mutual attractions of the molecules of oil; (2) the 
mutual attractions of the molecules of water ; and (3) the attractions exeited 
by water molecules on oil molecules. To  determine the role played by 
these attractions, let it be supposed, in the first instance, that (3) does not 
exist. Then, if the effect of gravity is ignored, the action of ( I )  and (2) 
alone will cause the oil to form a sphere resting on the flat surface of the 
water ; when gravity is taken into account, the shape of the drop of oil will 
be modified, the shape of its free surface being determined by the condition 
that the hydrostatic pressure at any point just inside the surface is equal to 
the product of the surface tension and the resultant curvature at that point. 
The lower surface of the oil will merely press on the water, forming a de- 
pression on the surface of the latter. The two surfaces still meet each other 
tangentially. 

Now let it be supposed that the water exerts an attractive force on the 
outermost layer of molecules of the oil contiguous thereto, but that the at- 
traction does not extend beyond this layer into the interior of the oil. I t  is 
easily seen that the oil surface will no longer meet the water surface tan- 
gentially; if the attraction increases in magnitude, the angle of contact will 
increase and may become as great as goo. No attraction exerted by the 
water on the outermost layer of oil molecules can increase the angle of con- 
tact beyond goo, and no spreading of the oil can result. 

Now let it be supposed that the attraction exerted by the water extends 
into the interior of the oil. This attraction will exert a squeezing action 
on the oil nearest to the water, and there will be a tendency for the oil to 
be squeezed out at the peripheral edge of the drop. I f  the pressure pro- 
duced by this squeezing action is not very large, the curvature at the edge 
of the drop may increase sufficiently to prevent the oil from spreading in- 
definitely. When a drop of pure saturated hydrocarbon oil is placed on 
water, it does not spread indefinitely, and the most delicate tests fail to 
indicate any diminution of surface tension of the surrounding water ; near 
the edge of the drop the curvature increases abruptly, so as to give the im- 
pression that the edge is ‘‘ tucked in ” under the drop1 This abrupt change 
of curvature at the edge of a drop of oil on water proves conclusively that 
the internal pressure increases rapidly as the oil-water interface is approached. 

I f  the attraction exerted on the oil in the interior of the drop is sufficiently 
Hardy, PYQC. Roy. SOC. 86 A, 612 (1912). 
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great, the surface of the oil will be unable. to accommodate itself to the high 
internal pressure produced, and in this case the oil will be squeezed out over 
the surface of the water until a film only one molecule thick is produced. 
This is what occurs with oleic acid, olive oil, and a number of similar oils ; 
Lord Rayleigh thought that it was a general property of all oils, but the 
spreading of paraffin oil which he observed must have been due to the use 
of an impure oil ; a mere trace of oleic acid added to a pure saturated hydro- 
carbon oil will cause it to spread on water very much as oleic acid itself does. 
While the oil is spreading, the clean water surface not yet reached by the oil 
remains stationary. This can be seen by lightly dusting the surface of the 
water with lycopodium powder or flowers of sulphur before the water is con- 
taminated; the edge of the spreading film of oil apparently pushes the dust 
before it, and no particle of dust is seen to move until the edge of the oil 
film reaches it. 

Osborne Reynolds was emphatic that the only motion that can be de- 
tected is that of a very narrow ridge of water which travels just in front of 
the advancing oil film and can be seen when the illumination is suitable, 
its appearance resembling that of a thin line of gut. I have not succeeded 
in observing this phenomenon, but its occurrence might be anticipated from 
the theory outlined above. The oil mclecules within the range of attraction 
of the water will be subjected to a squeezing action, as explained previously ; 
and, as the attraction is exerted by the water molecules within the range of 
attraction of the oil, the equality of action and reaction implies that the 
water molecules will be subjected to a squeezing action that would be 
absent if the oil were removed, so that they will be squeezed out along the 
surface of the water, and will form a minute elevation just in front of the 
advancing oil film. 

To test the point at issue, I have filled a clean basin one foot in dia- 
meter with water, allowed the water to come to rest completely, and then 
allowed drops of a solution of potassium permanganate to sink through the 
water; each drop as it sinks forms a vortex ring, at the end of a vertical 
trail of the coloured solution extending downwards from the surface. On 
touching the surface of the water with a needle coated with a trace of oleic 
acid, the oil film spreads over the surface of the water, and the vertical 
coloured trail of the permanganate is bent abruptly at right angles just under 
the surface. After the lapse of several seconds, it was observed that the 
bend in the coloured trail became rounded, thus showing that a very small 
disturbance, due to the viscosity of the water, penetrated into the interior. 
The best results were obtained when the water had been slightly acidified 
with sulphuric acid. 

I have found that when the interface between pure pentane and water 
is touched with a capillary tube containing oleic acid, a film of oleic acid 
spreads outwards from the point touched, as can be made manifest by dust- 
ing the interface with pure finely divided aluminium ; the aluminium powders 
of commerce cannot be used, since they are contaminated with stearin or 
tallow, and tend to float at the air-pentane surface. After a time, the 
oleic acid film formed at the interface dissolves in the pentane, and the 
aluminium powder moves back nearly to its original position, when a second 
displacement can be produced by again contaminating the interface with 
oleic acid. 

I am not acquainted with any measurements of the speed with which a 
film of oleic acid spreads on water. I have found that such a film spreads 
from side to side of a basin a foot in diameter in a fraction of a second, so 
that the speed amounts to more than one mile per hour. 
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Additional evidence for the theory of molecular attraction explained 
above is obtained from the rise of a liquid in a capillary tube. The forces 
that act on any molecule of the liquid within the tube are (I) attraction due 
to the walls of the tube ; this will act normally to the walls ; and ( 2 )  attrac- 
tion due to the remainder of the liquid in the tube; this will act down- 
wards into the liquid in the tube. The resultant of these forces can never 
act upwards, and it is difficult to see why the liquid should rise in the tube 
when the forces acting in its constituent molecules all act in downward 
directions. If, however, the walls of the tube exert an attraction extending 
into the liquid to a distance of many molecular diameters, the layer of liquid 
contiguous to the walls will be subjected to a squeezing action, with the 
result that a film of liquid spreads upwards over the inside of the tube. In  
this case the rise of the liquid in the tube is easily explained. When the 
attraction exerted by the walls of the tube on the molecules of the liquid 
within it is very small, no rise of the liquid will occur ; the mutual attrac- 
tion of the molecules of the liquid may then even produce a depression of 
the liquid, as in the case of mercury. By an ingenious experimental arrange- 
ment, Bigelow and Hunter1 have shown that the height to which a liquid 
can rise in a capillary tube depends on the substance of which the tube is 
formed; for instance, if the walls are of paraffin wax, water will rise to about 
two-thirds the height that it would if the walls were of glass. The ex- 
planation is, that the attractions exerted on water molecules by different 
solid substances are unequal, and this inequality entails differences between 
the contact angles as well as in the squeezing action mentioned above. 

The foregoing discussion shows that the statical properties of surface 
tension are insufficient to explain dynamical phenomena due to the action 
of molecular surface forces. Another example of the same kind is the 
rupture of a soap film. As the rupture spreads, the film as a whole does 
not contract and become thicker, as might have been expected; the edge 
of the rupture advances, “ eating up ” the film as it proceeds, but no motion 
of any part of the film occurs until the edge reaches it. I t  appears that the 
ruptured edge becomes rounded, and the internal pressure due to the cur- 
vature of the edge forces the liquid into the film, thus expanding the film 
as the edge reaches it. The speed Y with which the rupture spreads is 
easily calculated. Let S be the surface tension and p the density of the 
liquid, while B is the thickness of the film; then unit length of the ad- 
vancing edge ‘‘ eats up ” a mass pD Y of liquid per second, and this mass 
of liquid acquires the kinetic energy due to a velocity Vat the expense of 
the energy 2SV liberated by the surface that has disappeared. Thus- 

+ pDV. V2 = 2SV 
:. pDV2 = 4S, and V = z/S/pD. 

In  this case the surface tension is expressed as S ergs of mechanical work 
derivable from the disappearance of unit area of surface. 

The same result cannot be obtained from the consideration that the 
surface exerts a tensile force of S dynes per cm. To see this, imagine that 
the ruptured edge is advancing from left to right aZong the jZm with a 
velocity V, and that the film as a whole is moving from right to left with a 
velocity i? Then the swollen edge of the film is stationary, and the film is 
“eaten up” by it. The momentum that disappears in a second is equal to 
pDV2, and this represents the force urging the swollen edge from right to 

1 Bigelow and Hunter, your. Phys. Chem., 15, 367 (1911). 
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left ; the statical force exerted by the film on the edge is equal to 2S, and 
for the edge to be in equilibrium :- 

which does not agree with the result obtained previously by more trustworthy 
reasoning. 

Dr. E. F. Armstrong, F.R.S., and Dr. T. P, Hilditch (corn- 
mzmicated) : The theoretical views discussed at the meeting interest US 
as regards their possible extension to a case to which we have paid much 
attention-the interaction of a gas and a liquid promoted by a solid 
catalyst. This is more complicated than the actions considered in the 
various papers, which embrace only those in which a gas or a mixture of 
gases undergoes chemical change at a solid surface. 

a n  attempt was made by Professor Lewis1 to explain the hydrogena- 
tion of liquid olein in presence of nickel on the basis of the radiation 
theory, commencing with what is only an assumption, namely, that the 
observed hydrogenating powers of nickel and other metals are related to 
their supposed property of dissolving hydrogen and dissociating it into 
the atomic form. 

which showed that the hydrogen absorption was directly proportional to 
the square root of the gas pressure, and combining these with the number 
of probable collisions between nickel atoms and olein molecules (based 
upon microscopic measurement of the mean size of finely-divided nickel 
in glycerol suspension) a calculated velocity constant twenty-four times 
the magnitude of that observed3 was obtained, and we read that “ in  spite 
of the discrepancy . . . the result might be regarded as prima facie 
evidence for the treatment of the problem 011 the basis of collisions ”. 

More serious than this discrepancy, however, is the fact that this result 
has been based, as Taylor and Burns4 have recently pointed out, on the 
behaviour to hydrogen of nickel in which all catalytic activity has been 
suppressed owing to the high temperature of preparation (700’ C.). These 
authors have also shown by careful measurement that at the temperatures 
at which catalytic activity is manifest ( e g .  150-zoo’ C.), adsorption of 
hydrogen by nickel metal prepared at about 300’ is greater than is shown 
by metal reduced at 700’ C. (c$ Sieverts) and is practically independent 
of the gas pressure, not proportional to the square root thereof. 

The attempted application of the radiation theory to liquid hydro- 
genation has thus been based throughout upon entirely irrelevant data, 
and until it is considered of sufficient importance to connect the radiation 
hypothesis with catalytic hydrogenation of liquids only upon the basis of 
valid experimental fact we feel that it is not possible to judge fairly whether 
the new views are helpful. 

Our studies of the hydrogenation of various unsaturated organic liquids 
in presence of nickel j have led us to the view that the primary action is 
between nickel and the organic compound, an ‘‘ unstable intermediate 
complex ” resulting, which is not distinguishable from Dr. Langmuir’s 
conception of an adsorbed unimolecular film. The ethylenic or car- 
bonylic linkage is considered to be selectively attracted by the nickel, 

pDV2 = ZS 

Employing Sieverts’ data for the absorption of hydrogen by nickel 

’7. C. S., 1920, 117, 623-638. 
Zeitsch. Physikal Chem., 1911, 77, 591. 
Thomas, 3’. SOC. Chem. Ind., 1920, 39, 10 T. 
’jf. Amer. Chem. SOC., 1921, 43, 1273-1288. ’ Cf. PYOC. Roll. SOC., 1919 (A), 96, 137-146, 322-329 ; 1920 (A), 98, 27-40. 
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although not so strongly as some other groups, for example, hydroxyl 
or carboxyl. 

An examination of the influence of hydrogen pressure upon the rate 
of hydrogenation of various types of unsaturated compounds has also 
emphasised the dependence of the rate of action upon the nature of the 
organic compound, with especial reference to the presence of other groups 
likely to possess greater affinity towards nickel than the ethylenic union. 

The phenomena of liquid hydrogenation are completely accounted 
for by this theory which is closely similar to that given by Dr. Langmuir 
in his explanation of the interaction of oxygen and hydrogen or carbon 
monoxide at a platinum surface. As regards the mechanism by which 
the hydrogen acts, direct evidence is lacking, but it must be either by 
collision with the nickel-ethylenic compound complex or adsorption layer 
(similar to Dr. Langmuir’s view with reference to the action of carbon 
monoxide on oxygenated platinum) or else by preliminary association of 
hydrogen with the nickel itself. 

The latter view is supported by the work of Taylor and Burns,l which 
goes to show that hydrogen, ethylene and carbon monoxide are all 
adsorbed to about the same extent by active nickel whereas catalytically 
inert gases such as nitrogen or helium are not adsorbed at all. Moreover 
the conception that both hydrogen and the unsaturated radicle are definitely 
associated with the catalyst places the action in a similar category to that 
of enzymes. 

A minor point arising out of Dr. Langmuir’s papers is the action of 
catalyst poisons : it is frequently noticeable that the amount of toxic material 
necessary for total suppression of catalytic activity is far below that required 
for stoichiometrical combination with even the surface layers of the catalyst. 
The probability that an “active catalyst” is merely an average term ex- 
pressing a surface on which a number of patches of maximum activity occur 
(the greater part of the surface being of perhaps a quite low order of 
activity) offers a simple explanation of the discrepancy, selective adsorption 
of the catalyst poison at the relatively few points of maximum activity 
causing the disappearance of practically all catalytic effect. 

Mr. H. E. Holtorp (commumcateed) : Insufficient stress is laid on the 
possibility of generalising catalytic phenomena from one physical point of 
view. I t  is commonly stated in wide terms that practically any substance 
will catalyse any reaction, either positively or negativsly, to a greater or less 
degree; and the same holds true of every form of energy. I t  naturally 
follows that the explanation is in its essentials purely a physical one. 

The conjunction of substances with a view to a reaction is equivalent t o  
the conjunction of fields of energy which will react if the specific energy con- 
centrations of the fields are of opposite sign but will not react if the fields 
are of like sign-except slowly when the unequal distribution of the mean 
energy of the whole system results in certain molecular fields, in a position 
to react, being or becoming possessed of an energy concentration of the 
correct sign to react. 

No reaction will take place without an energy change, and it may there- 
fore be deduced that a catalyst facilitates an energy change and that not 
merely in the materialistic sense of touching off a spring. 

The physical interpretation of a catalyst, either positive or negative, is 
that it is a substance which when added to a system of energy fields will so 

Loc.  cit. 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
22

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

t P
ol

itè
cn

ic
a 

de
 V

al
èn

ci
a 

on
 2

9/
10

/2
01

4 
11

:2
1:

37
. 

View Article Online

http://dx.doi.org/10.1039/tf9221700655


DISCUSSION 67 1 

modify certain of them as to initiate, or increase (positive catalysis) a differ- 
ence between the energy concentration of the affected fields and that of the 
fields of the remaining reactants : or conversely to decrease (negative 
catalysis) an existing difference. 

The explanation is a general one and its interpretation is only obscured 
because the methods of securing a difference in the energy concentration of 
a field- 

( I )  While fundamentally physical in that they are purely energy variations 
may be either mechanical or chemical in practical handling. 

( 2 )  Are so diverse and at first sight so unrelated that the agents for the 
various methods appear to have no physical relationship one to another. 

Assume a simple case where two substances are in a position to react. 
They represent two energy fields. If these fields are Zike, they will not react 
and there will be no change in the mixture and no apparent energy change. 
IVe can ‘(catalyse” the unwilling fields by altering the relative energy 
concentrations of the two so that they become %dike. This may be done 
by varying the energy concentration of a whole field or in the true catalytic 
way by acting on part only which first reacts and then sets free the catalyst 
to resume its operations. 

Conversely, if our two fields are already of unlike energy concentration 
and react spontaneously, we may negatively catalyse the reaction by varying 
the concentrations to render the fields Zike in concentration and thus unable 
to react. Naturally in view of our limited powers and knowledge we get in 
practice but limited success in both operations. 

I t  depends on the energy fields of 
which we know so little both as regards catalyser and catalysed that crude 
experiment can at present be our only guide. We have a wide choice; 
among the number being :- 

I. Increase or decrease of temperature. 
2. Increase or decrease of pressure. 
3 .  Addition or subtraction of common ions, groups, radicals or molecules 

4. Variation of solvent and/or solute. 
j. Variation of concentration of a solute. 
6. Variation of phase. 
7 ,  Excess of deficiency of a reactant. 
8. Continuous removal or addition of an ingredient. 
9, Miscellaneous energy applications such as light, radiation, electricity 

10. Variation of degree of freedom from water or other similar sub- 

I I. Dilution with inert gases, inert mineral matter and the like. 
12.  Adsorption in or on a substance. 
13. Addition of a substance, which will readily form a more or less un- 

stable compound with one ingredient, of a type which compels that ingredient 
to assume the energy concentration requisite for the main reaction. 

14. Addition of a chemically similar substance which will maintain under 
the conditions of reaction a phase differing from that of the allied reactant. 

I 5.. So called “ mechanical ” processes as fineness of division ; intense 
emulsification in non-solvents ; grinding in solvents beyond limits of normal 
saturation and the like. 

I 6. Miscellaneous physical methods such as film surface tension ; 
capillarity effects and the like. 

IVhat catalyst shall we employ? 

or of chemically similar ions, groups, radiczls or molecules. 

and so forth. 

stances. 
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It  will be obvious that in many operations more than one of these 
methods are employed. 

Only to a few of these will the term “catalyst” in its ordinary narrow 
sense, apply. 

I t  will be found that these many processes, usually differentiated, have 
really the same underlying physical phenomenon, and the term c c  catalysis ’’ 
applied to some is inadequate to express fully and precisely the one common 
feature of variation in energy concentration which lies in all. 

Dr. Irving Langmuir, replying to the discussion, said : I agree with 
practically all the points that Dr. Rideal has raised, so I do not need to 
discuss them further, although he has brought out a great many interesting 
matters. 

Professor Bone called my attention, for the first time, to the paper in the 
PhiZ. Trans. of 1906, which I read to-day with much interest. There are 
a great many statements in that paper which foreshadow in a general way 
some of the conclusions that we have reached much more recently. 

Professor Baly raised the point as to the cause of condensation or the 
mechanism of condensation in an adsorbed film. Whenever a molecule 
evaporates from a surface or condenses on a surface, I believe we have to 
deal with a quantum phenomena. In  fact, all the best theories which we 
have of evaporation phenomena are based on the quantum theory, but I 
do not think that any of these theories has yet given us a satisfactory picture 
of the mechanism. I t  seems to me that we must wait for the day when 
we can know of a mechanism for these quantum processes. All attempts 
so far to devise definite mechanisms for phenomena of this kind have been 
unsuccessful or have led us merely to new difficulties. This does not mean, 
however, that we are not going to find such a mechanism. Surely some 
day we shall be able to explain the quantum theory in terms which will 
make matters much clearer than at present. Professor Baly also asked if 
there is any direct evidence that combination ever occurs by collision, i.e. 
a molecule striking a surface and combining with another molecule as a 
result of the collision instead of reacting on the surface after having con- 
densed. There are two possibilities. A carbon monoxide molecule can 
condense on a surface of platinum and an oxygen atom can condense by 
the side of it, and then the two can interact. Or you can have an oxygen 
atom adsorbed on the surface and the carbon monoxide molecule can 
combine with it during the collision. There is evidence given in my second 
paper of just that kind, i.e. a low temperature reaction between oxygen and 
CO on platinum cannot be accounted for properly as far as I can see on 
the assumption that the oxygen reacts with a CO molecule adjacent to it. 
You would have originally a space for the oxygen and a space for the 
CO and when they evaporated there would be two spaces. Thus if you 
had an excess of oxygen you should be able to remove all CO from the 
surface. But it does not happen in that way at all. The evidence is con- 
clusive that CO can leave the surface practically only by evaporation. You 
cannot remove it to a noticeable degree from the surface by adding oxygen 
to the gas space. The way that the reaction takes place is not by the removal 
of CO by the oxygen. The CO remains on the surface until it evaporates- 
The oxygen does not stay until it evaporates but until it is removed by CO. 
Now it cannot be removed by CO interacting in an adjacent position 
because that would remove the CO on the surface. Therefore we are led 
definitely to the conclusion that the oxygen is removed from the surface 
not by the reaction of adjacent CO molecules but by the action of CO from 
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the gas phase. However, that does not mean, in my opinion, that it is 
really a reaction during a collision between the CO molecule and an ad- 
sorbed oxygen atom. I very much prefer to look upon it as condensation 
of CO on a surface covered by adsorbed oxygen followed by reaction be- 
tween the oxygen atoms and the carbon monoxide molecules condensed on 
them. In any case the experimental evidence does not compel us to con- 
clude that the reaction occurs during collision. 

Professor Edser has brought up several interesting points with regard to 
surface tension. The question as to why oil spreads on water involves no 
assumption of a large range of molecular forces, but it does involve the 
effect of thermal agitation. If you recognise the existence of the thermal 
agitation of the molecules, it is perfectly evident that a substance like oleic 
acid should spread on the surface of water very rapidly, and I think you 
could calculate the forces and they would be amply sufficient to account 
for the observed velocity of spreading. If the molecules of oil were orien- 
tated on the surface with the hydrocarbon groups one way and the active 
group another way, the oil would remain on the surface as a globule which 
would never come in contact with the water. I t  would behave like a drop 
of paraffin oil and never spread. But thermal agitation is breaking up the 
structure, just as every substance evaporates at room temperature, and the 
effect of this thermal agitation will be to turn over the two groups, and the 
moment one of these turns over so that the active group comes\in contact 
with the water surface, it is anchored to the water and cannot get back 
again, and so you get the speading of t!ie oil in that way. That is an irre- 
versible phenomenon. The spreading is due to a crowding of the molecules 
one against the other resulting from the limited area of the water in com- 
parison with the number of carboxyl groups which can come into contact with 
it. The actual forces involved in the spreading of oil films are relatively 
enormous. I n  the case of oleic acid on water you have a surface tension of 
26 dynes per sq. cm. as compared with 74 dynes per sq. cm. for pure 
water. You thus get a force of 50 dynes per cm., which is an enormous 
force on a film 1 0 - 7  cm. thick. Gravity can be completely neglected in 
comparison with this force. During the spreading the force can be resisted 
only by the viscosity of the surface film of water. The water is set in 
motion by the spreading of the film of oil over the surface. but I feel con- 
fident the speed of motion of the oil is nothing like 50 miles, an hour, as 
Professor Edser suggested. I can follow the motion with my finger quite 
readily and it takes quite an appreciable time in a large basin of water to get 
a section or area of one square foot covered. I think the velocity you do get 
is about what you would expect on the basis of 5 0  dynes per sq. cm. as the 
force. Therefore, it does seem to me that you need to bring in the idea of 
thermal agitation in order to account for the mechanism of these effects. 

The Chairman : The very pleasant duty now falls to me to thank, on 
behalf of the Society, our distinguished guests for coming here. I think it 
is about seven years since we last heard Professor Perrin lecture here in 
London, and we are all very delighted to see him here again to-night. I cannot 
help telling Professor Perrin what Professor Arrhenius-if he will allow me to 
say it-said about him this afternoon. H e  said, Professor Perrin, that you 
were a prophet, and inspired, as all prophets are. I need not recapitulate 
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the work that Professor Perrin has done. H e  was the first man to prove that 
the electron has a negative charge. Then we all know his beautiful work 
“ Principes de Chimie Physique ’,. Next we know him as the perfect kinetic 
philosopher in determining actual molecular weights by the microscope and 
other methods, and we see him as a poet and philosopher in that wonderful 
book “Les Atomes”. Many of you have read the preface to that book. 
That is a preface written by a man who is a poet, as nearly every French- 
man is, and many of us have enjoyed the preface as much as we enjoyed the 
book. I t  was a wonderful production. Then we come to the radiation 
theory which began, so far as I know, in Professor Perrin’s mind in that 
book. I think it was in Paris in 1911 that I bought a copy and read 
Professor Perrin’s argument about mono-molecular and bi-molecular 
reactions and the fragility of molecules. I remember being greatly struck 
with the acuteness and brilliance of the argument. However, it is very 
impertinent to attempt to recapitulate the life history of a great man, but I 
will tell you, Professor Perrin, what pleasure I have derived from reading 
your many works and discoveries. 

Now I am going to say a few words about our distinguished friend from 
across the greater water, Dr. Irving Langmuir. We have all been looking 
forward for a long time to seeing him. During the past few years he has 
been an exceedingly brilliant light, and during the war and later some of 
us have had the opportunity of reading his papers. We all know what 
Dr. Langmuir has done. I do not wish to make him blush by being too 
effusive in his presence. Most of you have read his works and we know 
all about the beautiful theories that he has worked out concerning the 
nature of the actions at interfaces, adsorption, and the structure of the 
atom. I think one can see in Dr. Langmuir something quite definitely 
characteristic of the times ; that is to say, he is one of the children of the 
modern time, not one of the oId gentlemen like myself-I think I may be 
included in that august category-by whom the history of the individual is 
deduced from the behaviour of the crowd. H e  is one of the younger men 
by whom the history of the crowd is deduced from the behaviour of the 
individual, I think that is the modern note that Dr. Langmuir has struck 
in all his researches, and it is the fundamental note of the present day. 
Therefore, I wish to repeat how delighted we are to see Dr. Langmuir 
here to-day. 

Last but not least, I come to Professor Arrhenius, and on behalf of the 
Faraday Society and everyone present I offer him our heartiest welcome. 
His celebrated theory and equation expressing the effect of temperature on 
the velocity of chemical reactions formed one of the chief points from which 
these more recent theories have started. This is another example, if one 
were needed, of the fundamental advances which we owe to Professor 
Arrhenius in nearly every branch of physical chemistry. I think Professor 
Arrhenius has an interesting statement to make concerning the early history 
of the radiation theory of chemical reaction, so I will call upon him to make 
some remarks. 
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Professor Arrhenius: The paper alluded to was written by Mr. 
H. P. Barendrecht in Delft and printed in I go4 in Zeitschrift fiir PhysikaZ- 
ische Chemie, Vol. XLIX., p. 456, with some additional remarks in the same 
journal, Vol. LVII., p. 373, 1906. Mr. Barendrecht was a friend of 
van% HOE who esteemed the said monograph, and if van? Hoff had lived 
now he would certainly have seen the present evolution of those ideas with 
the greatest pleasure. 

In  conclusion, I should like to move a vote of thanks to Professor Porter 
and Professor Donnan who have presided over this discussion. 

The vote of thanks was carried with acclamation and the meeting ter- 
minated. 
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